The purpose of this report is to present data concerning the arterial blood gases and the acidbase balance in patients with cyanosis due to congenital heart disease. Since the study is related to cyanosis and abnormalities of the blood consequent to this, no distinction is made between the various anatomical defects producing cyanosis.
Compensatory or adaptive mechanisms in the presence of cyanosis related to congenital heart disease have been the subject of a number of studies (1) (2) (3) (4) (5) (6) . The present study was undertaken to obtain further information concerning the arterial blood gases in this disease, especially in relation to age and in respect to the influence of arterial unsaturation on the acid-base balance.
Sixty cyanotic patients were studied, varying in age from 1 to 36 years. The methods used have been described in a preceding report (7) .
RESULTS
Because age has been found to affect the concentrations of the blood gases (7) , especially the HbO2 capacity, the CO2 content and the alkaline reserve, it was necessary to evaluate the results for an individual of a given age in terms of deviations from the mean values for that age. Normal values for children of different ages are given in the preceding report (7) . Table I gives the results of single tests on each of 60 patients with cyanotic congenital heart disease, in terms both of absolute values and of deviations from the normal. In Figures 1 and 2 deviations from the normal are plotted for each age group against a background which represents the range of variation found in normal, healthy individuals of the same age group. Table II pulmonary blood flow was increased by aorticpulmonary artery anastomosis or pulmonary valvulotomy.
Certain differences in distribution with respect to age are evident in the data of Table I and Figures 1 and 2 . Arterial oxygen saturation below 50 per cent was found only in children of 7 years and younger. The fact that all but one of the adults had arterial saturations above 79 per cent is misleading and an artifact of sampling. Of the adult group only one was believed to have pulmonary stenosis. It should be noted that in the reports of Talbott et al. (1) , Bing, Vandam, and Gray (8) , and Suarez, Chiodi, Fasciolo, and Taquini (3), of 33 patients with cyanotic congenital heart disease who were over 18 years of age, 15 were found to have arterial saturations below 75 per cent. However, only one of these patients had a saturation below 60 per cent. The great majority of patients of our study who had HbO2 capacities within the normal range were younger children. On the other hand, the majority of very high HbO2 capacities, over 32 vol. per cent, were found in older children and adults. One child of 6 years was found to have a HbO2 capacity of 32.5 vol. per cent. In regard to the alkaline reserve of the plasma there seems to be no special trend with age. The lowest values were found in children of 7 and 8 years. It may be significant that in spite of the fairly high arterial oxygen saturations found in the adults of this study, all values for alkaline reserve were below the normal range of variation. In the case of the arterial pCO2, about a third of the children of 12 years and younger had values above the normal mean, whereas in children above that age and in adults all values but one lay below the normal mean. The great majority of the lower than normal pH. values were found in children between 6 and 10 years.
Since the data of Table I are arranged in the order of increasing arterial saturation, it can be 837 ALT. The acid-base balance of the arterial blood of patients with cyanotic congenital heart disease is shown in Figure 3 , in which the individual data for (HCO8)S, pCO2 and pH. are plotted on triaxial charts according to the method of Hastings and Steinhaus (9) and of Shock and Hastings (10) . The shaded area in each chart represents the range of variation which we have found for normal healthy children of corresponding age groups and for adults (7) . It is evident that in the great majority of cases the acid-base balance may be described as that due to fixed acid excess or to a combination of fixed acid excess and CO2 deficit.
Data concerning serum chloride, protein and lactic acid were obtained for 15 of the patients with cyanotic congenital heart disease in the hopes of observing changes in the electrolyte balance of the serum which might compensate for the reduced bicarbonate concentration. The data include two independent determinations on three of the patients, in one case separated in time by three years. The results in Table IV show that in half of the cases the sum of the three ions which constitute the great part of the anion moiety of the serum electrolytes, bicarbonate, chloride, and proteinate, falls within the normal range of variation, while in the other half the sum of the three major anions is below normal. The table shows clearly that the difference in the sum of the three anions is due almost entirely to a difference in the mean chloride level. Thus, in approximately half of the cases a reduction in the bicarbonate level is almost balanced by a rise in the serum chloride level, but in the other half there is no apparent rise in chloride concentration. Those in the group without chloride compensation tend to have lower saturations and higher HbO2 capacities, although the values of the two groups overlap. The mean pH. of the group without chloride compensation is 7.332 as compared with a mean value of 7.382 for the other group, but the low mean pH5 of the former group is due to lower than normal values in only half of the group. The blood lactate concentration of the group without chloride compensation is not significantly higher than in the other group.
In Figures 1 and 2 the last column of each group contains corresponding data for residents at high altitude, taken from the reports of Dill et al. (11) (12) (13) and of Hurtado and Aste-Salazar (14) . The triangles and squares of Figure 3 also show these data. They are given for the purpose of comparison since both residents at high altitude and patients with cyanotic congenital heart disease represent hypoxic states to which the individual has become acclimatized over a long period of time. Both groups show approximately the same degree of arterial unsaturation, although the spread of values in cyanotic congenital heart disease is greater and much lower values are sometimes found. Figure 2 shows that the alkaline reserve of the plasma tends to be lower in residents at high altitude than in patients with cyanotic congenital heart disease. Table III includes data for residents at high altitude in terms of mean deviations from the normal. Of the three groups of patients with cyanotic congenital heart disease which are shown in this table, the second group, with arterial saturations of 70 to 88 per cent, compares well in arterial saturation with residents at high altitude. It is evident that for comparable degrees of arterial unsaturation the blood of residents at high altitudes has a slightly higher HbO2 capacity, a much lower alkaline reserve and arterial pCO2, and a slightly lower pH.. The acid-base picture in Figure 3 is quite similar in both groups, i.e., a combination of fixed acid excess and CO2 deficit.
The post-operative results in Table II give information as to the effects of increased pulmonary blood flow on the arterial blood gases and the acid-base balance. In four cases of Tetralogy of Fallot, two, J. Mu. and S. D., showed marked improvement in arterial saturation, but little change was observed in R. B. and R. J. Not shown in the table is the fact that R. J. showed marked clinical improvement and little evidence of cyanosis when seen four years later. L. S. and J. Mr., who had diagnoses of pulmonary stenosis and atrial septal defect, showed arterial saturations of 96.6 and 95.0 per cent respectively following valvulotomy. A reduction of HbO2 capacity occurred in all cases. Those patients who had a marked rise in arterial saturation also showed a marked rise in the alkaline reserve of the plasma. In the cases of J. Mu. and S. D. the alkaline re- serve of the plasma rose to levels within the normal range in spite of the fact that their arterial blood still contained a considerable degree of venous admixture. Their pH. levels, which previously had been consistently low, rose to normal levels after an aortic-pulmonary artery anastomosis had been made. In the case of J. R. the preoperative values are comparable to the postoperative values in the other patients. A Blalock anastomosis had been performed some time before but cardiac decompensation followed. Subsequent surgical obliteration of the anastomosis reduced the arterial saturation, raised the HbO2 capacity, and decreased the alkaline reserve of the plasma. It also reduced the arterial pCO2 which presumably had been high because of pulmonary congestion.
DISCUSSION
The fact that the great majority of patients with cyanotic congenital heart disease have a normal or higher than normal arterial oxygen content is due to the fact that the great majority have a high HbO2 capacity. The high arterial oxygen content loses much of its value in the presence of reduced arterial saturation since the arterial oxygen tension rather than its concentration determines the level of the mean capillary oxygen pressure and the resultant pressure gradient or diffusion pressure head between capillaries and tissues.
Studies of cyanotic congenital heart disease by Bing et al. (2) and Ermsting and Shephard (6) have emphasized the great part played by the sigmoid shape of the oxygen dissociation curve in reducing the arterial-mean capillary oxygen tension gradient, in contrast to the small effect of the greatly increased HbO2 capacity. The latter exerts its effect on the mean capillary oxygen pressure by raising the venous level of saturation since, of two bloods equally saturated, the one with high HbO2 capacity will remain more highly saturated after equal quantities of oxygen per unit of blood have been transferred to the tissues.
It is of interest to find that 12 patients with cyanotic congenital heart disease, or 20 per cent of the number studied, did not have an elevated HbO2 capacity. Half The arterial saturation found in patients with cyanotic congenital heart disease covers a wide range. Eight cases showed arterial saturations below 50 per cent. It is probably significant that saturations below 25 per cent were found only in infants and that no saturation below 50 per cent was observed in children over 7 years of age. A very low arterial saturation suggests a poor prognosis unless remedial operative procedures can be used. Operation was attempted in the case of two infants with arterial saturations below 25 per cent but death followed. The third infant with this low saturation survived only a few months after she was studied. Autopsy revealed transposition of the great vessels. There is suggestive evidence that correction of the iron deficiency present in cyanotic infants with low HbO2 capacity improves their status.
We believe that many of the saturation values found in arterial samples in children may represent the lower limit of a variable quantity which is determined by factors which regulate both the PH .40
Pft pHI amount of right to left shunt and the venous oxygen level. Saturation levels determined by the ear oximeter are usually higher because they are measured under conditions that are less disturbing to the patient than are arterial punctures.
The finding of a low alkaline reserve of the plasma in patients with cyanotic congenital heart disease has been reported previously by Talbott et al. (1) and by Suarez, Chiodi, Fasciolo, and Taquini (3). It has also been suggested by the low CO2 contents of arterial blood found in Talbott's summary of the literature (1), and in the serum of arterial blood as reported by Bing et al. (2) .
Talbott et al. (1) first described the analogy between the tissue anoxia of patients with cyanotic congenital heart disease and that of persons living under the low oxygen pressure of high altitudes. He attributed the low alkaline reserve of the blood in these patients to the effects of chronic hyperven- 7.40 pH, tilation, but he also recognized that some other factors caused the acidosis which was observed in the patient he had studied so extensively and in several other cases reported in the literature. Bing et al. (2) found that the minute volume of respiration was increased above the normal in 29 out of 30 cases of cyanotic congenital heart disease, but the arterial pCO2 and the alkaline reserve were reduced proportionately and the arterial pH. remained within normal limits.
Suarez, Chiodi, Fasciolo, and Taquini (3) found hyperventilation to be characteristic of the six patients with this disease which they studied and arterial pH. in the normal range or slightly low.
Bing et al. (2) emphasized the difference in conditions under which tissue anoxia is produced in patients with congenital heart disease and in residents at high altitudes. In the latter a low alveolar oxygen pressure produces the low arterial PO2 and saturation. Hyperventilation is beneficial in that it raises the alveolar PO2. In patients with cyanotic congenital heart disease on the other hand low arterial PO2 and saturation levels are caused by venous admixture through abnormal channels. Beneficial effects of hyperventilation are questionable in such patients since the blood that passes through the lungs is exposed to a high oxygen tension and is well oxygenated, while the' blood shunted from the right to the left side of the heart does not pass through the lungs.
Presumably hyperventilation rises in response to an anoxic stimulus both in patients with cyanotic congenital heart disease and in residents at high altitude. Dill, Talbott and Consolazio (13) showed that an essential process in acclimatization to high altitude consists first of hyperventilation to increase alveolar oxygen pressure, followed later by a reduction of the alkaline reserve of the plasma by kidney action to the point where the normal ratio between the pCO2 and the serum bicarbonate is reached. Both Dill, Talbott and Consolazio (13) and Hurtado and Aste-Salazar (14) found that the arterial blood serum of permanent residents at high altitude is characterized by a lowering of the pCO2 proportional to that of the alkaline reserve, with a normal or slightly low pH8, in contrast to the elevated pH. of the arterial blood of temporary residents at high altitude. Patients with cyanotic congenital heart disease resemble residents at high altitude in that they are acclimatized to their state of anoxia. Our results show that for a given degree of arterial unsaturation the blood of patients with cyanotic congenital heart disease shows less of a depression of alkaline reserve than that of residents at high altitude.
Since for equal degrees of alveolar hyperventilation the arterial pCO2 must remain higher in the blood of patients with cyanotic congenital heart disease because of the venous admixture it contains, there is need for less decrease in the alkaline reserve of the blood in these patients in order to maintain a normal arterial pHi.
The case of cyanotic congenital heart disease studied by Talbott et al. (1) It is important to note also that although Bing et al. (2) found that the basal oxygen consump- 
